In order to study a new reinforcement method for multilayer (4 layers) industrial building's vibration, firstly, a new reinforcement method using a short-pier shear wall was put forward. Secondly, an engineering example of a multilayer industrial building with abnormal vibration was introduced. A three-dimensional finite element model of multilayer industrial building was established, and field vibration test was carried out. Test results showed that abnormal vibration of industrial building was caused by resonance between machines and multilayer industrial building. Finally, multilayer industrial building was reinforced by a new reinforcement method, and vibration experiment was carried out after reinforcement. e results show that the new reinforcement method has a good reinforcement effect. Strength and stiffness of multilayer industrial building were obviously improved, and natural frequency of industrial building in the length direction increased from 2.45 Hz to 5.87 Hz, natural frequency of industrial building in the width direction increased from 2.94 Hz to 7.83 Hz, frequencies of machines and frequencies of multilayer industrial building were not in resonance range, acceleration and velocity vibration characteristics of multilayer industrial building were improved, which can provide reference for the reinforcement of multilayer industrial building with a similar structural configuration.
Introduction
Multilayer industrial building is widely used in civil engineering, as it has a compact structural arrangement and can make full use of land resource. However, more and more machines were installed in multilayer industrial building, vibration problem [1] of multilayer industrial building was brought about. In addition, the vibration of industrial buildings during earthquakes is also worthy of attention. e actual damage of industrial buildings in various earthquakes is the destruction of reinforced concrete columns and nonstructural components, such as enclosure structural roofs. e damage of reinforced concrete columns is mainly caused by cracks in the brackets and the bottom of columns, forming plastic hinges. e most common seismic damage in precast industrial buildings is the damage of roof connections. Increasing the strength of roof connections can significantly improve the seismic performance of precast industrial buildings. Solution of vibration problem [2] [3] [4] [5] [6] [7] [8] [9] [10] has been the focus of industrial building design to be taken into consideration.
At present, there have been a lot of studies on the vibration reduction [11] and reinforcement of industrial building [12] . Reinforcement methods, reinforcement materials, and theories were various. For example, structural members were strengthened by FRP (fiber-reinforced polymer) material [13] , columns and beams were reinforced by the enlarging section method, enclosed reinforced concrete method, enclosed steel plate method, etc. CA mortar was embedded in the floor layer to reduce the vibration effect [14] . Adding various damping devices [15] [16] [17] [18] , adding reinforced concrete column [19] , and adding steel beam [20] or steel support were also commonly adopted methods in vibration attenuation engineering. In addition, there was a method in which industrial building is connected with auxiliary buildings [21] , which can increase overall stiffness to achieve the vibration reduction effect, but this method has great influence on the site when there was no affiliated building. Due to limitation of existing equipment and pipelines and other additional devices and space, selection of reinforcement methods were often limited, which often requires comprehensive consideration, and at this time, influence of reinforcement on the original structure and space should be minimized.
For the reinforcement of multilayer industrial building, many factors need to be taken into consideration, such as reinforcement effect, disturbance to original structure, and economic effect. At present, main reinforcement methods commonly used in industrial building were as follows: enlargement section method, carbon fiber reinforcement method, prestress reinforcement method, energy dissipation method, outsourced steel method, additional support and unload method, etc. ese methods can improve strength and stiffness of multilayer industrial building to varying degrees, however, they also have different limitations and shortcomings, especially reinforcement effect. ere is no doubt that these methods have high efficiency in theory. However, because of structural complexity, construction error, connection between reinforced structure and original structure, etc., reinforcement effect in theory cannot be guaranteed. erefore, in actual reinforcement engineering, reinforcement methods mentioned above have not been fully recognized and accepted, and it is urgent to explore a new reinforcement method.
In this paper, a new reinforcement method using a shortpier shear wall was put forward. Based on a practical multilayer industrial building with vibration problem, a three-dimensional finite element model of industrial building was established. Field test method was adopted to find out vibration cause, and new reinforcement method was used to strengthen multilayer industrial building. Structural response of multilayer industrial building before and after reinforcement was compared, reinforcement effect of new reinforcement method was verified, and new reinforcement method can provide reference for the reinforcement of multilayer industrial building with a similar structural configuration.
New Reinforcement Method
Industrial building is different from other structures, and many factors need to be taken into consideration. e details were as follows:
(1) Layout of machines: owing to space constraints, layout of machines was usually in a fixed range, which has a direct influence on reinforcement position (2) Complicated pipeline layout: in most cases, pipeline layout cannot be changed, which limits the choice of the reinforcement method (3) Demand for lighting: modern industrial building usually has a high requirement for lighting, and effect of strengthening on lighting of industrial building should be reduced as much as possible (4) Influence on the original structure: effect of strengthening on the original structure should be reduced as much as possible
In actual engineering, the above factors need to be considered in a comprehensive way.
According to the characteristics of multilayer industrial buildings which are mostly framed structures, based on static and dynamic characteristics of frame structure, a new reinforcement method using a short-pier shear wall was put forward. Static and dynamic characteristics of industrial building were improved by short-pier shear walls, layout of short-pier shear wall is very flexible, and different reinforcement effects can be achieved according to the different layout of short-pier shear walls. At the same time, for the width of short-pier shear wall is small, it has less influence on the machine layout, pipeline layout, and lighting demand, and its influence on the original structure is small. Besides, construction error and connection between reinforced structure and original structure has less influence on the reinforcement effect. A photo of a short-pier shear wall is shown in Figure 1 
General Situation of an Engineering Example

Structural Survey.
e main body of multilayer industrial building was a frame structure, length × width × height: 138.8 m × 21.8 m × 23.5 m, it has a whole 3 layers and a local 4 layers, stiffness was mainly composed of frames, and three machines were located on the second floor. During the operation of machines, abnormal vibration appears in multilayer industrial building, especially the second floor, and vibration sensation was obvious. ree-dimensional view of multilayer industrial building is shown in Figure 2 . e longitudinal section layout of multilayer industrial building is shown in Figure 3 .
Based on vibration characteristics of multilayer industrial building and machines, continuous operation requirement of machines was taken into consideration, and working conditions were designed as follows: working condition one: 1# machine 100%, 2# machine 100%, and 3# machine 0%, working condition two: 1# machine 100%, 2# machine 100%, and 3# machine 50%, working condition three: 1# machine 100%, 2# machine 100%, and 3# machine 100%, working condition four: 1# machine 50%, 2# machine 100%, and 3# 100%, working condition five: 1# machine 50%, 2# machine 50%, and 3# machine 100%, and working condition six: 1# machine 100%, 2# machines 50%, and 3# machine 50%.
Arrangement of Measuring Points.
Arrangement of measuring points should reflect vibration characteristics of industrial building and be simplified as much as possible. According to vibration characteristics of industrial building, five measuring points were arranged in field vibration experiment, they were arranged on the second floor (elevation value: 7.500 m) where machines were installed. Measuring points from M1 to M4 were bidirectional vibration sensors, measuring point M5 was a three-directional vibration sensor. e length direction of industrial building was set as Y axis, the width direction of industrial building was set as X axis, and the vertical direction of industrial building was set as Z axis. Layout of measuring points is shown in Figure 4 . Sensors in industrial building are shown in Figure 5 , and sensor in machine is shown in Figure 6 .
Finite Element Model.
In order to determine the layout of a short-pier shear wall and calculate the reinforcement effect, three-dimensional finite element models of industrial building before and after reinforcement were built by ANSYS software. Frame structures were simulated by beam 189 element, short-pier shear walls were simulated by shell63 element, and machines and additional mass were simulated by mass21 element.
In the finite element model, for C30 concrete, density was 2500 kg/m 3 , elasticity modulus was 3 × 10 10 Pa, and Poisson's ratio was 0.2. For C35 concrete, density was 2500 kg/m 3 , elasticity modulus was 3.15 × 10 10 Pa, and Poisson's ratio was 0.2. For filled wall composed of porous shale bricks, density was 1800 kg/m 3 , elasticity modulus was 0.9 × 10 10 Pa, and Poisson's ratio was 0.2. For masonry composed of small concrete hollow blocks, density was 1204 kg/m 3 , elasticity modulus was 0.4 × 10 10 Pa, and Poisson's ratio was 0.2. C30 concrete was used for columns with elevation over 14.000 m, C35 concrete was used for columns with elevation below 14.000 m, and C30 concrete was used for all beams. e length direction of industrial building was X axis, the width direction of industrial building was Y axis, the vertical direction of industrial building was Z axis, fixed-end constraints were adopted at the bottom of industrial building. e finite element model of industrial building is shown in Figure 7 .
After the finite element model of multilayer industrial building was built, based on test results of multilayer industrial building before reinforcement, the finite element model was modified. e first order frequencies of the measured values were 2.45 Hz in the X direction and 2.94 Hz in the Y direction. e first order frequencies in the X direction and Y direction of the finite element model were 2.02 Hz and 3.07 Hz, respectively. e ratios of calculated frequencies to measured frequencies were 0.82 and 1.04, respectively, which were basically in line with the actual situation. Natural frequencies and vibration modes of finite element model were consistent with measured values, which can be used for calculation and comparison of the reinforcement effect.
Construction of the New Reinforcement Method
According to the formula of frequency calculation, frequency is related to stiffness and mass. e short-pier shear wall increases the stiffness of the structure. Although it also increases the weight of structure, stiffness contributes more to the frequency, as a result, the frequency of the structure increases, and the energy dissipation capacity increases. Based on vibration characteristics of industrial building, according to field investigation of industrial building, possible layout positions of the short-pier shear wall were marked out. A preliminary strengthening scheme was put forward, and reinforcement effect of preliminary strengthening scheme was calculated by ANSYS software. If expected reinforcement effect was not achieved, the layout of short-pier shear wall should be adjusted, and corresponding reinforcement scheme should be calculated by ANSYS software again, and after several adjustments, final reinforcement scheme was determined. Due to the complex structure of multilayer industrial buildings, the location and number of short-pier shear walls were numerous and limited by the length of components, only part of the layout of short-leg shear walls was shown. Part of the short-pier shear wall layout is shown in Figure 8 . e short-pier shear wall was connected with the original structure by common joints. It was assumed that the shortpier shear wall can play a better role in connection with the original structure. Finite element analysis of reinforcement schemes was made. Forced vibration frequency of machine in the Y direction was 2.96 Hz, and it was in resonance range with unreinforced industrial building in the Y direction. After multilayer industrial building was strengthened by 
Experimental Results
Experimental
Results before Reinforcement. For vibration characteristics of multilayer industrial building before reinforcement, field vibration tests for six designed working conditions were carried out, and statistical analysis for acceleration and velocity data of five measuring points in six working conditions was made. Under the action of various working conditions, peak acceleration values of the Y direction and Z direction are summarized in Figure 11 . Peak velocity values of the Y direction and Z direction are summarized in Figure 12 , and peak accelerations and velocities in the X direction of measuring point 5 under various working conditions are shown in Table 1 . Self-vibration characteristics of machine and industrial building are shown in Table 2 . Vibration frequencies between three machines and industrial building were very close in the X direction and Y direction. Vibration test curves of machines and multilayer industrial building were analyzed.
Abnormal vibration cause of industrial building was analyzed, based on the standard of structural vibration sensitivity, human body feeling was unbearable when vibration acceleration was more than 1.5 m/s 2 . Test results were statistically analyzed as follows:
(1) Analysis of acceleration results: based on Figure 11 and Table 1 , peak acceleration values in the X direction and Y direction of industrial building were 0.800 m/s 2 and 2.409 m/s 2 , respectively, and they were all at measuring point 5 of working condition 4. Peak acceleration value in the Z direction was 0.717 m/s 2 , and it is at measuring point 4 of working condition 1. Peak acceleration values in the X direction were all in grade IV. 26.67% percent of peak acceleration in the Y direction was in grade III, 53.33% percent of peak acceleration in the Y direction was in grade IV, 20% percent of peak acceleration in the Y direction was in grade V. 3.33% percent of peak acceleration in the Z direction was in grade II, 66.67% percent of peak acceleration in the Z direction was in grade III, and 30.00% percent of peak acceleration in the Z direction was in grade IV. 
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In conclusion, 20% percent of acceleration values in the Y direction of industrial building have exceeded human body's tolerance feeling, and the Y direction of industrial building should be the focus of reinforcement.
(2) Analysis of velocity results: based on Figure 12 and Table 1 , peak velocity value in the X direction was 4.09 mm/s at measuring point 5 of working condition 1. Peak velocity value in the Y direction was 6.302 mm/s at measuring point 5 of working condition 3. Peak velocity value in the Z direction was 1.014 mm/s at measuring point 5 of working condition 4. According to specification requirement [22] , velocity values in X, Y, and Z directions meet specification requirements, but velocity of the Y direction was 6.302 mm/s, it was close to the allowable value 6.4 mm/s of the specification limit. In conclusion, stiffness of multilayer industrial building in the Y direction was weak, and it should be the focus of reinforcement. Table 2 , vibration frequency of the machine was close to vibration frequency of multilayer industrial building in the X direction and Y direction, and the corresponding ratio f 1 /f 2 � 0.75∼1.25 was in resonance range.
In conclusion, based on test results and analysis of acceleration and velocity and self-vibration characteristics, it can be concluded that abnormal vibration of industrial building was caused by resonance between machines and multilayer industrial building.
Experimental Results after Reinforcement.
After multilayer industrial building was strengthened by a new reinforcement method, vibration characteristics of industrial building were tested again, and measuring point layout and working condition design were the same as those before reinforcement. Experimental results were as follows.
Self-Vibration
Characteristic. Vibration frequencies of industrial building before and after reinforcement are shown in Table 3 , and it was shown that stiffness of reinforced industrial building in the X direction and Y direction was significantly improved. Compared with natural frequencies of three machines in the direction of X, Y, and Z, natural frequencies of industrial building were not in resonance range with machines in three directions. Based on field test results and field sense, the reinforcement effect was good.
Vibration Characteristic.
e maximum acceleration and velocity before and after reinforcement are shown in Table 4 , and the maximum acceleration and velocity before and after reinforcement of the X direction at measuring point 5 are shown in Table 5 . e maximum velocity and maximum acceleration of the Y direction in industrial building were improved to varying degrees, and vibration characteristics of industrial building were significantly improved.
In conclusion, according to test results of peak acceleration values, peak velocity values, and self-vibration characteristics before and after reinforcement, the short-pier shear wall reinforcement method was scientific and reasonable. It can significantly improve stiffness and vibration characteristics of multilayer industrial building and avoid resonance between machines and multilayer industrial building.
Discussion
Industrial building was strengthened by short-pier shear walls, division and content of working conditions for reinforced multilayer industrial building were the same as those before reinforcement. Peak acceleration of the Y direction and Z direction is shown in Figure 13 , peak velocity of the Y direction and Z direction at measuring point 5 is shown in Figure 14 , and peak acceleration and peak velocity in the X direction are shown in Table 6 .
Based on Figures 13 and 14 and Table 6 , statistical analysis of test results after reinforcement were shown as follows:
(1) Acceleration results: the maximum acceleration value of industrial building in the X direction was 0.765 m/s 2 at measuring point 5 of working condition 3. e maximum acceleration value of industrial building in the Y direction was 1.162 m/s 2 at measuring point 2 of working condition 3. e maximum acceleration value of industrial building in the Z direction was 1.536 m/s 2 at measuring point 3 of working condition 3. 16.67% percent of peak acceleration values in the X direction of industrial building were in grade III, 83.33% percent of peak acceleration values of industrial building in the X direction were in grade IV. 36.67% percent of peak acceleration values of industrial building in the Y direction were in grade III, 63.33% percent of peak acceleration values of industrial building in the Y direction were in grade IV. 33.33% percent of peak acceleration values of industrial building in the Z direction were in grade III, 63.34% percent of peak acceleration values of industrial building in the Z direction were in grade IV, and 3.33% percent of peak acceleration values of industrial building in the 
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Z direction were in grade V. In conclusion, acceleration vibration characteristics of three directions of industrial building were improved.
(2) Velocity results: the maximum velocity value of industrial building in the X direction was 1.666 mm/s at measuring point 5 of working condition 4. e maximum velocity value of industrial building in the Y direction was 3.012 mm/s at measuring point 4 of working condition 2. e maximum velocity value of industrial building in the Z direction was 1.813 mm/s at measuring point 3 of working condition 2. According to specification requirements, vibration velocity values of three directions of industrial building meet the requirements, especially vibration velocity of the Y direction in industrial building. In conclusion, velocity vibration characteristics of three directions of industrial building were improved. (3) Self-vibration characteristics: first order natural frequency in the X direction of industrial building before reinforcement was 2.94 Hz. First order natural frequency in the Y direction of industrial building before reinforcement was 2.45 Hz. First order natural frequency in the Z direction of industrial building before reinforcement was 10.28 Hz. First order natural frequency in the X direction of industrial building after reinforcement was 7.83 Hz. First order natural frequency in the Y direction of industrial building after reinforcement was 5.87 Hz. First order natural frequency in the Z direction of industrial building after reinforcement was 10.77 Hz. Comparison of test results showed that strength and stiffness of industrial building were significantly improved.
Conclusions
A new reinforcement method using a short-pier shear wall was put forward. Based on the vibration test results of a practical multilayer industrial building before reinforcement, a three-dimensional finite element model of industrial building was established, which has been bverified by tests. It provides a reference finite element model for the design and selection of reinforcement schemes and was used for the analysis and comparison of reinforcement effects. e field test method was adopted to find out vibration Advances in Civil Engineering cause, and the new reinforcement method was used to strengthen multilayer industrial building, structural response of multilayer industrial building before and after reinforcement was compared, and conclusions were as follows:
(1) After machines were installed in multilayer industrial building, resonance between machines and industrial building was the main reason of abnormal vibration in multilayer industrial building. Resonance problem should be given enough attention in the design of multilayer industrial building. (2) A new reinforcement method using a short-pier shear wall can improve strength, stiffness, and dynamic characteristics of multilayer industrial building significantly. After reinforcement, natural frequency of industrial building in the Y direction was enhanced from 2.45 Hz to 5.87 Hz, and natural frequency of industrial building in the X direction was enhanced from 2.94 Hz to 7.83 Hz. ey were not in resonance range with machine whose natural frequency was 2.94 Hz in the width direction. Vibration characteristics of industrial building were improved to varying degrees, and after reinforcement, the maximum acceleration in the X direction decreases by 4.38%, the maximum acceleration in the Y direction decreases by 51.76%, and the maximum acceleration in the Z direction increases by 114.23%. e expected reinforcement effect was obtained.
In conclusion, it was scientific and reasonable to strengthen multilayer industrial building by the short-pier shear wall. Compared with other reinforcement methods, the new reinforcement method put forward in this paper has many advantages, which can provide reference for the reinforcement of multilayer industrial building with a similar structural configuration.
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